The mammalian taste system is responsible for sensing and responding to the five basic taste qualities: sweet, sour, bitter, salty and umami. Previously, we showed that each taste is detected by dedicated taste receptor cells (TRCs) on the tongue and palate epithelium 1 . To understand how TRCs transmit information to higher neural centres, we examined the tuning properties of large ensembles of neurons in the first neural station of the gustatory system. Here, we generated and characterized a collection of transgenic mice expressing a genetically encoded calcium indicator 2 in central and peripheral neurons, and used a gradient refractive index microendoscope 3 combined with high-resolution two-photon microscopy to image taste responses from ganglion neurons buried deep at the base of the brain. Our results reveal fine selectivity in the taste preference of ganglion neurons; demonstrate a strong match between TRCs in the tongue and the principal neural afferents relaying taste information to the brain; and expose the highly specific transfer of taste information between taste cells and the central nervous system.
The mammalian taste system is responsible for sensing and responding to the five basic taste qualities: sweet, sour, bitter, salty and umami. Previously, we showed that each taste is detected by dedicated taste receptor cells (TRCs) on the tongue and palate epithelium 1 . To understand how TRCs transmit information to higher neural centres, we examined the tuning properties of large ensembles of neurons in the first neural station of the gustatory system. Here, we generated and characterized a collection of transgenic mice expressing a genetically encoded calcium indicator 2 in central and peripheral neurons, and used a gradient refractive index microendoscope 3 combined with high-resolution two-photon microscopy to image taste responses from ganglion neurons buried deep at the base of the brain. Our results reveal fine selectivity in the taste preference of ganglion neurons; demonstrate a strong match between TRCs in the tongue and the principal neural afferents relaying taste information to the brain; and expose the highly specific transfer of taste information between taste cells and the central nervous system.
In mammals, taste receptor cells are assembled into taste buds that are distributed in different papillae in the tongue epithelium. Taste buds are innervated by afferent fibres that transmit information to the primary taste cortex through synapses in the brainstem and thalamus 4 . In the simplest model of taste coding at the periphery, each quality, encoded by a unique population of TRCs expressing specific receptors (for example, sweet cells, bitter cells, and so on), would connect to a matching set of ganglion neurons. Notably, although TRCs are tuned to preferred taste qualities [5] [6] [7] [8] , the nature of their functional 'handshake' with the nervous system has been a matter of significant debate 1, 4, 9, 10 .
We reasoned that this fundamental question could now be resolved by directly examining the tuning properties of taste ganglion neurons. We focused on the geniculate ganglion, as its neurons innervate all taste buds in the front of the tongue and palate 1 , and opted to use two-photon calcium imaging to monitor tastant-evoked neural activity in vivo. This strategy, however, required the solution of two technical challenges: first, the ganglion is located in a bony capsule under the brain, some 4 mm from the surface, far beyond the reach of conventional microscopy; and second, geniculate ganglion neurons would have to be loaded with sensors of neuronal activity that can report function with good temporal, spatial and dynamic range. To solve the first challenge, we implemented the use of two-photon microendoscopy, where a gradient refractive index (GRIN) lens is used as an optical extension device 3 . The GCaMP family of genetically encoded calcium sensors are an attractive tool to solve the challenge of indicator loading 2 , yet there were no suitable mouse lines or drivers appropriate for targeting geniculate ganglion neurons. Therefore, we generated a collection of 40 mouse lines expressing GCaMP3 2 driven by Thy1 (Fig. 1a ), a neuronal promoter highly sensitive to position effects 11 , and screened for those that express the sensor in most geniculate ganglion neurons ( Fig. 1b ). Line 1 had essentially complete labelling of geniculate ganglion neurons (Fig. 1c ), and stimulation of the ganglia ex vivo produced reliable calcium-dependent fluorescence changes ( Fig. 1d ). To take advantage of the more recent versions of GCaMP 12, 13 , we subsequently developed a viral infection approach that efficiently labels geniculate ganglion neurons via retrograde transfer of the virus from their terminal fields in the nucleus of the solitary tract (see Methods for details).
To visualize geniculate ganglion neurons in live mice, we exposed a small ventral window into the ganglion (Fig. 2a ), and carefully positioned a GRIN lens (1 mm diameter 3 3.8 mm length) directly onto the tissue (Fig. 2b ). This two-photon imaging configuration allowed unencumbered access to the entire ganglion, and enabled the investigation of the geniculate ganglion at sufficient numerical aperture (,0.45 NA) so as to detect GCaMP-dependent fluorescence changes ( Fig. 2c, d We assessed the responses of geniculate ganglion neurons to tastants using a range of stimulus paradigms that included the five basic taste qualities at concentrations that evoke strong behavioural and nerve responses 8 (Extended Data Fig. 1 ). For most recordings the tongue was exposed to a 6.5-s pre-stimulus application of artificial saliva, a 2-s exposure to a test tastant, and a 6.5-s artificial saliva post-stimulus wash. Each session included a minimum of four trials per tastant, and a neuron was classified as a responder if it exhibited statistically significant responses in at least 50% of the trials (see Methods and Extended Data Table 1 for details).
In the tongue, sweet and umami tastes are mediated by a small family of three G-protein-coupled receptors (GPCRs) that combine to form two heteromeric receptors: T1R1 and T1R3 for umami 8, 14, 15 and T1R2 and T1R3 for sweet 8, 14 . Bitters are detected by a family of approximately three-dozen GPCRs, the T2Rs 16 , and sour and sodium taste are sensed by ion channel receptors 5, 6 . Given a palette of five different tastes, and all possible neuronal tuning combinations, there are a total of 31 potential neuronal classes: for example, five of these would be tuned to single taste qualities (one for each of the five basic tastes), ten doubly tuned, ten classes responding to three tastes, five to four tastes and a single class tuned to all five tastes. This raises the question of how taste is represented in the ganglion.
We focused on a standard set of stimuli representing the five basic qualities: sweet-responding neurons were identified using sucrose, bitter with either quinine or cycloheximide, salt by stimulating with NaCl, sour with citric acid, and umami with monopotassium glutamate plus inosine monophosphate. Tastant stimulation of the tongue elicited strong calcium transients in subsets of ganglion neurons ( Fig. 2c, d) . The responses were robust, reliable (Extended Data Fig. 2 ) and specific ( Fig. 3 and Extended Data Fig. 3 ). For example, salt responses showed the expected blockage by amiloride 5 (Fig. 3c and Extended Data Fig. 3e ), bitter responses were blocked by allyl isothiocyanate (AITC) 17 (Fig. 3d and Extended Data Fig. 3f ), sweet/umami responses were abolished in knockouts of the T1R3 receptor subunit 8 (Fig. 3e ), and acid responses displayed the appropriate sensitivity to PKD2L1-cell silencing 17 (Extended Data Fig. 4 ). We examined the reproducibility of the taste-evoked responses by measuring variability across trials and, on average, cells responded in at least 75% of the trials (Extended Data Fig. 2 ). We analysed nearly 1,000 neurons exhibiting tastant-evoked activity: 443 of these were derived from 15 Thy1-GCaMP3 mice and 432 from 14 AAV-GCaMP6 animals (see Extended Data Table 1 ); we also included approximately 50 cells each from AAV-GCaMP3 and AAV-GCaMP5 pilot experiments. Our data demonstrate that the vast majority of the responding neurons are strongly activated by only one taste quality, and thus exhibit highly 
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preferred and narrowly tuned tastant selectivity (Figs 3 and 4 ). Furthermore, the representation of the various taste classes within the ganglion appears random, with no obvious topography or clustering (Extended Data Fig. 5 ).
The finding that most ganglion neurons are tuned to single taste qualities substantiates a simple match between TRCs and ganglion neurons, with information from the tongue propagated primarily along labelled lines. This is inconsistent with models proposing a general across-fibre model of coding 4 , or that receptor TRCs first signal their information to broadly tuned presynaptic cells, which would then activate ganglion neurons 9, 18 . We find no evidence or support for either of these models, as they would require that most of the ganglion neurons respond across multiple taste qualities.
A key prediction of our findings is the expectation that responses to taste mixes should largely reflect the sum of the responses to the individual tastants (that is, as dedicated lines operating independently of each other). Therefore, we tested the representation of binary mixes relative to the responses to the individual components. We chose three pair sets including sweet, bitter, sour and salt tastes and examined their responses. Our results (Extended Data Fig. 6 ) demonstrate that taste mixes indeed behave like the simple addition of the responses to the individual tastants.
This study also illustrates and uncovers three additional aspects to the representation of taste in the first neural station. First, it reveals that although there are 26 possible combinations of 'multi-tuned' responses (10 doubles, 10 triples, 5 quads and 1 that may potentially respond to all five classes of taste), only small numbers of bona fide multi-tuned neurons are found at over 1% (see Extended Data Table 2 ). Second, half of the apparently multi-tuned ganglion neurons belong to just one class, namely bitter-sour. And third, umami-responding neurons are divided between umami-alone and umami-sweet responders.
We next questioned how these multi-tuned ganglions neurons might arise. They may be the result of signalling from two or more classes of TRCs converging into a single target neuron, or they may receive inputs from just one TRC type, but appear multi-tuned due to the nature of the stimulus. Indeed, it has long been known that some tastants, although single molecular species, may activate more than one class of TRCs. This is well exemplified by saccharin which powerfully activates sweet TRCs at low concentrations, but begins to activate bitter TRCs at high concentrations (thought to be the basis for the bitter aftertaste of saccharin); another recently reported example is the activation of bitter cells by potassium salts (KCl) at high concentrations 17 . Thus, we wondered whether the activation of bitter-sour ganglion neurons by acid (representing by far the largest class of apparently multi-tuned neurons; Fig. 4c ) may also reflect tastant cross-talk, for instance a subset of T2R receptors in bitter cells being sensitive to low pH, as has been observed for a number of GPCRs 19 .
We reasoned that by using a combination of genetic manipulation and pharmacology it should be possible to explain the origin of these responses. For example, if bitter-sour neurons receive convergent input from T2R and PKD2L1 cells, then ablating or silencing the PKD2L1expressing sour TRCs should eliminate the bitter-sour doubly tuned class (that is, by eliminating their sour responses). In contrast, if these neurons reflect bitter cells which are sensitive to acidic stimuli, such genetic manipulation should have no impact on the activity or numbers of bitter-sour-responding ganglion neurons. We imaged mice in which we silenced synaptic transmission from PKD2L1-expressing cells by genetically targeting tetanus toxin 17 (PKD2L1-tetanus). As expected the sour-alone neuronal responses were abolished, but, notably, the bittersour class was preserved (Extended Data Fig. 4 ). These results demonstrate that bitter-sour ganglion neurons do not receive input from sour-sensing TRCs, and strongly argue that the bitter-sour neurons are the result of T2R-expressing bitter TRCs being sensitive to acid stimuli. If true, then blocking bitter taste responses should now eliminate the bitter-sour class. As predicted, Extended Data Fig. 4 shows this to be the case, further demonstrating that the vast majority of all ganglion neurons do receive input from single classes of TRCs.
A surprise that emerged from this study was the finding that there were very few umami ganglion neurons, with many also activated by sweet tastants (Fig. 4 ). Sweet and umami taste receptors are formed by the combination of three GPCRs from the same gene family 8, 14, 15 . Interestingly, unlike humans, who can readily distinguish between sweet and umami tastes, rodents exhibit considerable behavioural cross-generalization between these two appetitive taste qualities 20 , even though they still represent sweet and umami in two distinct but closely apposed cortical fields 21 . We suggest that this cross-generalization results in part from convergence of sweet and umami inputs into common ganglion neurons, perhaps as a consequence of their shared origin, and receptor repertoire. Future studies examining the fate, tuning and connectivity of individual TRCs throughout their life cycle should help resolve this question.
The capacity to examine the activity of large ensembles of neurons with single-cell selectivity, even in a tissue buried deep in the head, has afforded a comprehensive examination of the behaviour of gustatory neurons in coding responses to the basic taste qualities with exquisite resolution. The development of this imaging preparation has addressed a long-standing question in the taste field, namely the direct demonstration of labelled lines between TRCs and the brain. It should also provide a powerful experimental platform to identify molecular markers defining each class of taste ganglion neurons, help dissect the nature of their 'handshake' with the tongue and the brainstem, and explore the constancy of taste perception in light of the remarkably rapid turnover of TRCs 22 .
Finally, we note that ganglion neurons not only convey taste quality, but also valence. In this regard, it would be of interest to determine if some of the neurons may be dedicated to carry attractive and aversive signals (that is, valence) rather than tastant 'identity' and thereby delineate the a, Response profile of 904 ganglion neurons from 37 mice according to taste preference; singly tuned cells (dark grey; see b for breakdown), bittersour cells (grey) and broadly tuned cells (light grey; see Extended Data Table 2 ). Importantly, the bitter-sour class actually reflects the activity of T2R-expressing (bitter) TRCs (see text for details). We note that acid responses from bitter cells are not readily visible in whole-nerve recordings 6, 17 , probably reflecting sensitivity differences between single-cell imaging and 'bulk' extracellular recordings. b, c, Distribution of ganglion neurons according to tastant selectivity.
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circuit that mediates immediate taste ingestion or rejection responses, independent of conscious perception and the cortex 23 .
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper.
METHODS
Transgenic animals and mouse strains. All procedures were carried out in accordance with the US National Institutes of Health (NIH) guidelines for the care and use of laboratory animals, and were approved by the Columbia University, Janelia Farm Research Campus, or National Institute of Dental and Craniofacial Research Animal Care and Use Committees. Reported data were obtained from mice ranging from 2-12 months of age and from both genders; randomization and blinding methods were not used. To generate Thy1-GCaMP3 mice, complementary DNA encoding GCaMP3 was cloned into the XhoI site of a standard Thy1 vector 11 . More than 40 lines were generated by pronuclear injection with about 25 expressing significant GCaMP3 in subsets of neurons in the cranial ganglia and/or brain (Fig. 1) . Calcium-imaging experiments reported here used line 1, which robustly expresses GCaMP3 in all geniculate ganglion neurons. All other mouse strains have been described previously 8, 17 . Sample sizes were chosen to allow robust statistical analysis of data, no statistical method was used to determine sample size.
Confocal imaging of isolated geniculate ganglia. Mice were perfused and geniculate ganglia were exposed by removing the brain and bone dorsal to the ganglia as described previously 24 . The greater superficial petrosal and facial nerves were cut, and the ganglia were extracted by blunt dissection. To quantify the number of Thy1-GCaMP3-positive neurons per ganglia, fluorescent Nissl staining (NeuroTrace 530/ 615, Molecular Probes) was used to label neurons, and the ratio of Nissl-positive to GCaMP3-positive neurons determined; greater than 90% of all neurons are labelled by Thy1-GCaMP3 (n 5 6 ganglia). Ganglia were mounted in Vectashield mounting medium and imaged with a Zeiss 510 confocal microscope (Zeiss 310, 0.45 NA microscope objective). For control KCl stimulations, dissected ganglia were submersed in imaging buffer (Hank's Buffered Salt Solution with Ca 21 and 10 mM HEPES). Suture thread was used to mount the ganglia onto a coverslip within a custom imaging chamber. A depolarizing solution (potassium chloride, 500 mM) was applied to cells between washes with imaging buffer. Nerve recordings. Recording procedures and analysis were carried out as described previously 8, 15 . Viral delivery of GCaMP sensors. An alternative strategy to express GCaMP in geniculate ganglion neurons involved injection of AAV constructs in the terminal field of taste-responsive neurons in the brainstem. Mice were anaesthetized with ketamine and xylazine (100 mg kg 21 and 10 mg kg 21 , intraperitoneal), with subsequent booster doses to maintain depth of anaesthesia. Body temperature was controlled using a closed-loop heating system. A small craniotomy (,1 mm diameter) centred approximately 6.5 mm dorsal to the bregma and 1.25 mm from the midline was performed. AAV carrying GCaMP constructs (AAV9-hSyn-GCaMP3, AAV1-hSyn-GCaMP6 s and AAV9-hSyn-GCaMP5G; Penn Vector Core) was delivered to the brain at three locations along the rostrocaudal axis: 1.25 mm/24.0 mm (lateral coordinate relative to bregma/inferior coordinate relative to the dura), and 26.3 mm, 26.5 mm or 26.7 mm (anterior coordinates relative to bregma); approximately 200 nl was delivered per injection. After incision closure and recovery from surgery, mice were housed in their home cages for at least two weeks before imaging. Surgical preparation for in vivo imaging. A metal bar was affixed to the dorsal cranium of an anaesthetized mouse (see above) with cyanoacrylate as described previously 25 . The mouse was positioned in a supine position, and its head rigidly secured using the metal bar. A tracheotomy was performed to maintain a clear airway during tastant delivery to the oral cavity 15 . The surgical strategy used to image the geniculate ganglion in vivo was as previously described for rat 26 . In vivo microendoscopy. A singlet microendoscope probe 25 (1 mm diameter, 0.42 pitch, 700 mm working distance in water) was used to access the deep tissue. To mount the probe stably over the imaging area, melted agarose (1.5-2.0% low-melting-point agarose) was applied to the exposed cavity. The microendoscope probe was carefully positioned over the geniculate ganglia with forceps, using a stereoscope for visual guidance. The probe was held mechanically with forceps until secured by the hardened agarose. A conventional two-photon microscope (Prairie Technologies) using a Ti:Sapphire laser tuned to 920 nm was used for fluorescence excitation. A long-working-distance objective (Olympus 320, 0.4 NA) was used to couple light into the microendoscope. Images were typically acquired at 2-4 Hz (10-30 ms pixel dwell time) over a ,175-350 mm field of view, unless otherwise noted. We did not utilize multiple optical planes to avoid double-counting of cells. Tastant delivery. Lingual stimulation and recording procedures were performed as previously described 8, 15 . Tastants were delivered (5-12.5 ml per min) using a feeding tube positioned approximately 8 mm inside the oral cavity, dorsal to the tongue. Tastants dissolved in artificial saliva were delivered in serial order, interspersed with pure artificial saliva. Recordings were performed during epochs of continuous irrigation; we did not detect calcium activity in response to artificial saliva application, nor did ganglion neurons exhibit mechanical responses. The concentrations of tastants used were: acesulfame K, 30 mM; sucrose, 300 mM; cycloheximide 100-1000 mM; quinine, 5 mM; sodium chloride, 60 mM; citric acid, 50 mM; monopotassium glutamate 1 inosine monophosphate, 50 mM 1 1 mM, respectively. Pharmacological compounds were delivered as previously described 5, 17 : amiloride, 0.010 mM, 8 ml delivered over 1 min; and allyl isothiocyanate (AITC), 3 mM, 40 ml delivered over 5 min followed by artificial saliva rinse for 1 min. Calcium imaging data analysis. Image processing. Two-photon images were first motion-corrected by using cross-correlation-based image alignment 27 (Turboreg, ImageJ plugin). Responding neurons were identified with a semi-automated script that uses independent components analysis (ICA) to examine the spatial and temporal skewness of pixels within active cells 28 . After cell segmentation, all putative responding cells were verified by visually examining the raw imaging data. Cells not detected by ICA analysis were manually segmented. For some cellular regions of interest, there was spatial overlap with a neighbouring cell; if this was minor, they were manually segmented, otherwise they were discarded from further analysis. Scoring of tastant-responsive cells. We used two independent methods to identify tastant-evoked transients in ganglion cells. First, we visually scored cells, by directly observing the aligned image data displayed as a relative fluorescence movie, as well as the putative cells' fluorescence time series. As a control, we used an automated technique to identify transients in the same cells that were visually classified. The data shown in the manuscript used the manual method, although both were largely interchangeable (manual:automatic: sweet cells, 105:95; bitter cells, 168:170; sour cells, 152:152; salt cells, 204:204; umami, 32:26). Because bona fide calcium transients may significantly bias the estimates of location by mean and of dispersion by standard deviation, we used robust statistical measures: the median and Q n estimator 29 (median absolute deviation also provides similar results). The Q n estimator was calculated for each trial to quantify baseline fluorescence levels. The distribution of Q n estimator values was used to estimate the typical relative fluorescence background levels of multiphoton microendoscopy in the geniculate ganglion to be 0.04 6 0.01. We visually examined the raw images in outlier trials where background levels exceeded 10% DF/F (2.5 times Q n ). Such trials typically contained inaccurate image registration and were excluded from further analysis. We assumed transients to be outliers of an underlying normal distribution of calcium levels during a cell's resting state. Thus, transients were operationally defined as continuous time intervals where the fluorescence intensities significantly deviated from baseline levels (for example, modified Z-score . 2) for at least one fluorescence decay constant (for example, 650 ms for GCaMP3). In both manual and automated cases, we defined transients as tastant-evoked if their onsets occurred between the start of tastant delivery and the two seconds after the end of tastant delivery. Transient onsets varied across animals and are believed to be due to factors associated with tastant arrival: placement of the tube within the oral cavity, tastant flow rate, and location of TRCs relative to the flow. Cells were classified as tastant-responsive if they responded in at least 50% of presentations for a given tastant. Finally, these cells were grouped by their responses to the five basic qualities (any of 31 potential categories, see text). Any category in which the number of contained cells was less than 1% of the total population was excluded from analysis ( Fig. 4) . Fig. 4 ), suggesting that activation of T2R-expressing TRCs mediates these acidic responses. As predicted, subsequent application of the bitter TRC inactivator AITC 17 abolishes bitter responses of the bitter ganglion neurons, as well as the bitter and sour responses in the bitter-sour cells. Note that the solid bars showing less than 1 cell are used to illustrate the lack of responding cells. of three representative geniculate ganglia illustrating the ensembles of neurons recruited by two different single taste stimuli presented separately (left panels) versus the ensemble of neurons activated by a mixture of the two compounds presented together (right panels). See text for details; as expected there are no mixture-specific responders, and very few cells responded to each tastant in the mix: only 3 out of 113 cells examined with bitter 1 sweet responded to both tastants, 5 out of 301 cells examined with sour 1 salty responded to both, and 0 of 39 examined with salty 1 sweet responded to both tastants. We note that sour stimuli are known to suppress sweet responses 30 , but such suppression is sweet-cell autonomous and not due to interactions between sweet and sour TRCs (data not shown). b, To quantitatively examine the impact of taste mixes on the responses of individual ganglion neurons, we analysed their response amplitudes in the presence of the single tastant versus the binary mix. Shown are plots of response amplitudes of a representative set of bitter, sweet, salty and sour geniculate neurons stimulated with their selective tastant (x axis) versus their response amplitude when in the presence of an additional tastant (as indicated in the y axis; shown are average DF/F over 4 trials). 95% confidence intervals were determined using a ratio t-test: bitter 1 sweet/bitter, 0.73-0.91; sweet 1 bitter/sweet, 1.15-1.34; NaCl 1 sour/NaCl 0.74-1.00; sour 1 NaCl/sour, 0.95-1.16.
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Extended Data Table 1 | Shown are the numbers of responding neurons analysed in each of the 14 AAV-GCaMP6s and 15 Thy1-GCaMP3 mice
AAV-GCaMP6s
Animal
Responding Cells  Animal  Responding Cells  Animal  Responding Cells   1  70  2  57  3  51  4  28  5  25  6  25  7  24  8  21  9  19  10  17  11  12  12  10  13  10  14  9 Thy1-GCaMP3
Animal Responding Cells Animal Responding Cells Animal Responding Cells   1  91  2  66  3  31  4  30  5  26  6  26  7  24  8  24  9  22  10  21  11  21  12  18  13  15  14  8  15  8 
